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Abstract: The issue of thermal effects is inevitable for the ultra-high refractive index measurement. In
this paper, a biosensor with parallel-coupled dual-microring resonator configuration is proposed to achieve
high resolution and free thermal effects measurement. Based on the coupled-resonator-induced
transparency (CRIT) effect, the design and principle of the biosensor is introduced in detail, and the
performance of the sensor is deduced by simulations. Compared to the biosensor based on a single ring
configuration, the designed biosensor has a tenfold increased Q value according to the simulation results,
thus the sensor is expected to achieve a particularly high resolution. And the output signal of the sensor can
eliminate the thermal influence by adopting a novel algorithm. This work is expect to have great
application potentials in the areas of high-resolution refractive index measurement, such as biomedical
discoveries, virus screening and drinking water safety.
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1. Introduction

Biosensors have attracted a growing attention in recent years. Due to high refractive index (RI) contrast that
enables an exceptionally small size of resonators, biosensors based on SOI (Silicon-On-Insulator) tend to
be increasingly miniaturized and integrated. Furthermore, the biosensors using the similar principle for RI
sensors offer significant advantages such as label-free detection, high resolution, and superior sensitivity
over other traditional sensors. Taking advantage of biosensors, multiple biological analytes (molecular,
cellular, virus, proteins, DNA molecules, and biological membranes [1]) can be detected, which has many
potential areas of application such as biomedical sciences [1], food industry [2], environmental monitoring
[3], national defense industry [4], and pharmaceutical industry [5].

The principle of such sensors is based on the interaction of the evanescent field outside the
propagating waveguide with analytes in the cladding. Ambient RI changes (resulting from the changes of
solution concentration or the variation in the number of binding events on the surface of the waveguide)
lead to the variation of the effective index of the resonator waveguide mode, thus causing a shift of the
resonance wavelength [1]. By measuring the shift of resonance wavelength, the analytes of interest can be
detected.

As an important parameter to evaluate the performance of microring-resonator, many studies have
been conducted to obtain a high Q via multi-microring structures, such as series-coupled dual-microring
configuration [6, 7], parallel-coupled dual-microring configuration [8, 9], and one inside ring coupled
another configuration [10]. Among these configurations, an interesting effect of coupled-resonator-induced
transparency (CRIT) has arisen [11]. The CRIT effect is analogous to the electromagnetically induced
transparency (EIT) effect [12, 13], which is demonstrated by using both the series-coupled and
parallel-coupled dual-microring configurations. According to a study by Mario et al. [14], who presented a
comprehensive theoretical analysis of the series-coupled dual-microring system, the CRIT effect can be
obtained under certain conditions, and the CRIT peak shows an extremely high Q factor. Analogously,
taking advantage of CRIT effect, Xu et al. experimentally demonstrated a Q factor of 3.5 < 10* by using a
parallel-coupled dual-microring system [8]. Numerous parallel-coupled dual-microring chips have been
designed; however, none of these studies have been utilized in the field of biosensing. On the other hand, a
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higher Q of a resonator is usually preferable since it causes a sharper resonance peak and enables easier
retrieval of the exact wavelength positions of peaks or valleys. As a result, a higher Q value of resonator
contributes to a higher resolution of the sensor. Therefore, the CRIT effect offers a potential and interesting
way to enhancing the Q value of microring systems and further the resolution of biosensors [15].

In an ideal case, biosensors should avoid the influence of environmental factors such as temperature
variations. Unfortunately, due to the positive thermo-optic coefficient of silicon of kg ~ 1.8 x 10™* RIU/
K [16], the detection limit of sensors is often restricted to the level of 1076 refractive index units (RIU) or
worse. Therefore, the influence of temperature on the Rl measurement cannot be ignored.

There are mainly three methods for thermal noise reduction: temperature controlled by devices,
athermal-waveguide-based configurations, and on-chip temperature drift compensation via referencing
resonator [17]. One of the effective methods employs an active control of temperature via additional
devices, such as a thermo-electric cooler or a Peltier heat pump, which stabilizes the temperature to a small
range. However, it comes with the drawbacks such as bulky size, high cost and integrating difficulties.
Another method utilizes the different polarities of thermo-optic coefficients of liquid analytes (e.g., water
has a negative thermo-optic coefficient of ry,, = —10"*RIU/K [14]) and the waveguide materials [18,
19, 20, 21]. By adjusting the cross-section of waveguide, the fraction of light in both materials can be
controlled to eliminate the dependence of the waveguide effective index on temperature. This method
intrinsically achieves temperature compensation, but limits the type of buffer liquid of the biological
analyte (to only water) and imposes strict requirements of device design and fabrication. In the third
method, numerous researchers demonstrated that temperature drift can be compensated by introducing an
on-chip referencing resonator [16, 18, 22]. This can be achieved via two parallel microring resonators on
the same chip. The differential result of both resonators is the corrected sensing signal. This design is
solvent independent; however, it is hard to meet the requirement that the microring resonators are identical
and in good thermal contact with each other. Furthermore, the thermal constants of the sensor ship limit the
temperature compensation in frequency.

This study proposes and investigates a biosensor design based on the parallel-coupled dual-microring
resonator configuration in SOI with free thermal effects. The sensing performance of the dual-microring
based biosensor is also compared with the single-microring based biosensor. Compared to other on-chip
temperature compensation approaches, this design can obtain an extraordinarily high resolution and
compensates the influence of temperature without the need for any exterior structure/components.
Furthermore, a novel algorithm for sensing is presented based on the designed structure.

2. Theoretical analysis and device design

The schematic of the typical single ring configuration is shown in Fig.1 (a). Our proposed biosensor (see
the schematic diagram in Fig.1 (b)) is a parallel-coupled dual-microring configuration, which is composed
of two micro-ring resonators coupled by two bus waveguides in parallel. The ring 2 is designed as the
sensing element to contact the analyte, and the other parts of the device is covered by a cladding layer
(PDMS or SU8). However, the region on top of the ring 2 is opened to form a reservoir to contain the liquid
sample. The 3D visualization of the proposed sensor is shown in Fig.1 (c).
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Fig. 1. Schematic diagrams of the biosensors. (a) the single ring resonator, (b) the proposed sensor using a
parallel-coupled dual-microring resonator and (c) the 3D visualization of the proposed sensor.

Sensing window

Similar to the simplifications used by Mario et al. [14], the contributions of some geometry parameters
(e.g., waveguide widths, ring gaps, and microring radii) and the transmission and reflection of the system
can be simplified and deduced as two parameters: couple coefficient a; and absorption coefficient r; [24, 25].
The transfer matrix method (TMM) is applied to the simulation model of the designed biosensor to analyze
the propagation process. The parameters involved in the simulation are shown in Table 1. These
coefficients imply small waveguide losses and weak coupling between bus waveguides and rings.
Furthermore, according to another study by Mario [26], all these coefficients have been demonstrated to be
experimentally feasible.



Table.1 Parameters in dual-microring configuration

Parameters Value

Radii of ring 1(Ry1) 5.000 um

Radii of ring 2(R2) 5.003 um

RI1 of ringl (n1) Ranges from 3.475 to 3.4775 RIU
RI of ring2 (n2) 3.475RIU
Center-to-center distance (S) 15.712 pm

Reflection coupling coefficient (a1, a2) 0.90

Absorption coefficient (ry, r2) 0.99

In the single ring resonator (see Fig. 1(a)), light travels in the optical waveguide as revealed by the red
arrows. The reflectance spectrum from the drop port can be analyzed using the TMM and the
coupled-mode theory [14, 23], and the normalized reflectivity (R) can be obtained as Eq. (1).

In the proposed biosensor based on the parallel-coupled dual-microring configuration, the incident
light (see the red arrows in Fig. 1(b)) and the reflected light of the whole system are collected from the
drop-side of ring 1 (Earop2). Similarly, the TMM is used to calculate the overall output spectrum at the drop
port. In the TMM, the whole system is divided into three parts: ring 1, ring 2, and the bus waveguide
between ring 1 and ring 2. The propagation relationship for each part can be described as the transfer
matrix T1, T2, and L. Thus the reflectance spectrum of the dual-microring model can be derived as Egs. (2)
- ().
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where d; represents the transmittance from the drop port, a; is the round-trip amplitude loss of ring i (here

i =1, 2). riis the reflection coupling coefficient between the bus waveguide and ring i. §; = 2":“ (i=1,2)

is the round-trip phase of ring i, in which n is the effective index of waveguides, L; is the circumference of
the microring, and A4 is the wavelength. In the analysis of this parallel-coupled dual-microring
configuration, the radii of both rings are nearly identical (5.000 pm vs 5.003 um); therefore, the absorption
coefficients and the coupling coefficients of the microrings are also assumed to be identical.

As shown in Fig. 1 (b), the normalized output intensified at drop port and through port, both set as
Ehroughz and Earopz. Thus, the relationship between the input and the output can be calculated as:
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where M is the overall transmission matrix of the whole system. D represents the drop port transmittance.



When both of these two microrings are under-coupled (a < r), the slight detuning between the resonance
modes of ring 1 and ring 2 leads to a sharp dip in the middle of the peaks in the reflectance spectrum based
on the CRIT effect. One typical CRIT curve obtained by the theoretical calculation is shown in Fig. 2,
which constitutes a left shoulder peak, a sharp valley (i.e., the CRIT peak) and a right shoulder peak.
Furthermore, these CRIT curves are periodically distributed with a free spectral range (FSR) of 21.4 nm.
The sharp dip in the center of the resonance peak indicates an extremely high Q value, which is consistent
with the spectra achieved by Xu et al. [9]. As the radius gap of two rings is very small, the output spectrum
contains the overlap between these two rings, which means part of the light is coupled into ring 1 and ring 2
at the same time. When the light propagates through the system, the resonator reflects the light from the
waveguide to the ring as a mirror. So the dual-microring configuration is actually like a multiple Fabry
Pé&ot (FP) cavity system.
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Fig. 2. CRIT spectral line of the parallel-coupled dual-microring resonator configuration. Parameters used
area; =a»>=0.99, r1 =r>=0.90.

3. Simulation results and discussion

The output spectra of the single ring configuration and the dual-microring configuration are compared in
Fig. 3. It is apparent that the peak of the dual-microring configuration is much sharper that the valley of the
single ring configuration with the identical coupling condition (Q value 1.2 < 10*versus 10%). It is worth
noting that both of these two values obtained via mathematical calculation are not very high as compared to
some experimental results. However, the aim of our study is to compare the performances of single-ring
configuration and dual-microring configuration under identical general processing conditions, not to obtain
maximal values for both configurations. Sometimes, the rather large spectral width makes it difficult to find
the exact position of a broad peak (or dip), especially in the presence of environmental noise. Thus, the
dual-microring configuration with higher Q value yields a much smaller resolution than the single ring
chip.
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Fig. 3. Transmission/reflection of both the single ring configuration and the dual-microring configuration.

In consideration of the application of the RI sensor, the sensor will inevitably experience the
effect of temperature, which will change the effective refractive indices of waveguides and will
ultimately lead to a shift of resonance wavelength [23]. Based on Li [27], the dependence of the RI of
Si on temperature isn = 2 x 10~*K + 3.417. To mimic the thermal effect of light propagation in
the silicon waveguide, in this paper, the corresponding temperature is ranged from 289 to 304 K [22].
Furthermore, the influence of temperature is imitated by a change of the refractive indices of
waveguides (the RI of the waveguides ranges from 3.4750 to 3.4775). According to the outlined
assumptions, Fig. 4 illustrates the reflectance spectrum with the change of temperature. According to
Fig. 4, when the ambient temperature goes up, the Rl of waveguides of the system (including ring 1,
ring 2, and bus waveguide) increases, thus leads to the red shift of the reflectance spectrum from the drop
port. However, when the right shoulder peaks of the CRIT curves in in Fig. 4 are overlapped, it can be
observed that the curves are totally the same, as shown in Fig. 5 (in order to distinguish the overlapped
curve, they are shifted by a short distance upward along the Y axis), and the detuning between both
rings remains the same [28]. Therefore, the whole reflectance spectrum presents a red shift, and the
amount of the movement is almost identical. In conclusion, the thermal effects will result in the
translational red shift of the whole reflectance spectra. When the temperature is increased by approximately
3 K (the RI of system waveguide increases by approximately 0.001), the resonant wavelength will be red
shifted by 0.4 nm. Simultaneously, the Q value remains stable because the shape of CRIT curve remains
unchanged.
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Fig. 4 Reflectance spectra of the dual-microring configuration at different temperatures. Here both n;
and n; are changed.
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Fig. 5. Reflectance spectra of the dual-microring configuration the right shoulder peaks in Fig. 4 are
artificially overlapped. Here both n; and n; are changed.

In the design of the proposed biosensor (see Fig. 1(c)), the open window allows ring 2 to contact and
measure the changes of the analyte, while ring 1 is covered by a cladding material to avoid the contact with
the analyte. This process is simulated by changing the RI of ring 2 and fixing that of ring 1. The obtained
reflectance spectra are illustrated in Fig. 6. When the waveguide RI of ring 2 (n2) increases (from 3.475 to
3.4775) while the waveguide RI of ring 1 remains the same (3.475), the reflectance curve presents a red
shift and the Q value goes lower. Nevertheless, the Q value (2 x 103) is still higher than that of the single
ring configuration (1 x 103).

However, when the right shoulder peaks of the CRIT curves are artificially overlapped for comparison
as shown in Fig. 7, it is interesting to see that the CRIT resonance dips have slight blue shifts with the
increase of the RI of ring 2. Thus, when the RI of ring 2 is increased, there is not only a red shift of the



whole reflectance spectrum, but also a superposed blue shift of the CRIT resonance dips. The reason of this
phenomenon can be explained as follows. When the light is coupled in the single ring resonator, it will
experience several coupling progresses. The system of two dual-microring configuration is equivalent to a
series of FP cavity combination. The output signal of the system is formed by the light though a
multi-FP-like cavity system. As n, increases, the output of ring 2 will produce a red shift, thus the right
shoulder peak experiences a red shift. However, in case of the CRIT peak originating from the overall
system output, such change leads to the variation of one FP cavity in the system, which is different from the
output of the single ring configuration. Thus the red shift of CRIT peak is less than that of right shoulder
peak since other parts of system alleviate the variation. And a blue shift can be observed when all curves
are marked at the right shoulder peak. The change of temperature only causes a translational red shift. By
measuring the blue shift, the changes of analyte can be characterized, regardless of the temperature change.
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Fig. 6. Reflectance spectra of the dual-microring configuration with a change of the resonator
waveguide refractive index n; of ring 2. Here n; of ring 1 remains constant.
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Fig. 7. Reflectance spectra of the dual-microring configuration after the right shoulder peaks in Fig. 6 are
artificially overlapped. Here only n, of ring 2 is changed while n; of ring 1 remains constant.



Fig. 8 summarizes the resonance wavelength shifts of the dual-microring configuration with the
change of RI. The change of resonant wavelength with respect to different temperatures (RI of all the
waveguides in the system) is also shown in Fig. 8. The CRIT peaks present a red shift due to the variation
of temperature. After the overlapping of the right shoulder peak of the CRIT curve, the positions of the
CRIT peaks maintain stable for different temperatures. However, the CRIT peak produces a blue shift only
when the analyte is attached to ring 2. Since the CRIT peak shifts in the opposite direction, the changes of
analyte can be characterized easily.

The sensitivity (S) of biosensors is defined as the ratio of the resonance wavelength shift (AA) to the
changes in ambient RI (An,). According to Fig. 8, the sensitivities of the dual-microring and the single ring
configuration are 200 nm/RIU and 400 nm/RIU, respectively. Although the sensitivity of the
dual-microring is lower than that of single ring configuration, the highly increased Q value of the
characteristic peak can greatly reduce the fitting error during data processing, which is the main source of
the ultrahigh Rl measurement. With a high-resolution optical spectrum analyzer (0.01 picometer), the
sensitivity of the sensor can reach 5 x 10~8 RIU. Furthermore, the consequence of the thermal effect can
be easily removed during the analyte detection by the use of this method, and the dual-microring structure
resolution is much higher than the single ring resolution.
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Fig. 8. The CRIT peak of the dual-microring configuration with respect to different RIs/temperatures;
resonance wavelengths of single ring configuration due to different Rls.

4. Conclusion

In this paper, the parallel-coupled dual-microring based biosensor in SOl is proposed and analyzed by the
TMM. The simulation results show that the ambient temperature variation causes a red shift of the overall
reflectance spectra. However, the RI results of the analytes cause a blue shift blue of the CRIT resonance
dip, when the right shoulder peaks of the CRIT curves are aligned artificially. This enables to completely
free the sensor from thermal effects. The biosensor can achieve a sensitivity of 200 nm/RIU as compared to
the sensitivity of the single-ring configuration 400 nm/RIU. However, the Q value of the dual-microring
configuration can reach 10% which is approximately tenfold higher than that of the single ring
configuration. With excellent performance and thermal-free characteristics, the device with the
dual-microring configuration offers great potential for high-resolution biosensing applications.
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